Abstract: Factory-level data from 23 provinces and some national statistical data in cement manufacturing industry and socio-economies in 2012 are used to analyze the spatial distribution of exergy use for China's cement manufacturing industry by the Extended Exergy Accounting method. This method takes full account of the inclusion of energy and raw material supply and other external factors (capital, labor and environment) into a comprehensive resource cost assessment. The extended exergy consumption and its intensity quantitatively at the provincial levels of cement production were calculated and then the agglomeration level of exergy use at the regional level was also evaluated. Based on this analysis, their spatial difference in size and efficiency of exergy use at the provincial level were identified. Moreover, their regional characteristics were revealed. Some important results could be drawn as follows. First, the invisible social cost accounted for 1/10 of the total exergy use in cement manufacturing industry, while the energy element shared about 9/10. Second, the gross distribution of exergy use in China's cement manufacturing industry was mainly concentrated in the eastern region like Anhui and Shandong provinces, and in the western region like Sichuan province. In terms of exergy use, the coal and electricity were the highest of energy costs in the eastern region, whereas the cost of capital, labor and external environmental factors highlighted the invisible social cost for cement production in the central and western regions to some extent. Third, the efficiency distribution of exergy use in China's cement manufacturing industry illustrated an incremental feature from west to east, especially for the energy, labor and capital efficiencies. An evaluation on the environmental efficiency indicated that provinces or regions like Tibet, Xinjiang, Inner Mongolia and Shanxi have undertaken much higher environmental costs. Fourth, the 23 provinces could be classified into eight groups by the Euclidean distance model using the gross and efficiency results of exergy use. Fifth, the high industry concentration degree is the main driving factor of exergy efficiency improvement for cement manufacturing industry in China.
Introduction
Traditional energy research largely considered the quantity of energy, but rarely the quality of energy consumption. Recently, a new concept of energy consumption, namely "exergy," has been introduced. This is an important indicator to estimate the trade-off between maximum efficiency and minimum consumption. Nowadays, the very concept of "resource consumption" is undergoing a radical re-evaluation in response to the acknowledged interdependency of the energy sector with both the environment and society at large. Traditional research on "energy consumption" focused on the resource itself, while system analysts began distinguishing between energy and materials resources and labor and monetary inflows, initially from the biosphere-conscious approach (Costanza et al., 2002; Daly and Farley, 2012) . In modern industrial societies, the monetary cost is a crucial decision variable. However, the limitations caused by the use of the monetary proxy have been known for some time because the evaluation of the costs is associated with many variables including the market, the character of the resource, and the environmental remediation activities. Valero et al. (1986) realized that if all fuels were attributed to an exergy cost rather than a monetary one, the cost of the final product would be represented in the same units (J/kg). Following this and based on the CExC (cumulative energy consumption) concept (Szargut et al., 1987) , the formulation of the Extended Exergy Accounting method was provided (Sciubba, 2003) to address the problem of the inclusion of all externalities into an exergy based analysis, quantifying such consumption in units of exergy.
The cement manufacturing industry is not only one of the most important industries within national infrastructure construction but also an energy intensive industry that represents 2%-6% of all industries and 12%-15% of all manufacturing industries (Sogut et al., 2009) . The production of cement requires 60-130 kg of fuel oil and 110 kWh of electricity per ton of cement (International Energy Agency, 2010) . As the largest cement producer in the world, China produced 2,184 million tons in 2012 (NBS, 2013) , accounting for more than 50% of the global output. However, there is still an enormous gap between China and other advanced international producers. Overall, the average energy consumption for producing per ton of cement in China is 40% higher than those in other countries (Jebaraj and Iniyan, 2006) , with coal consumption approximately 11% to 20% higher and the average electricity consumption 23% higher than overseas. Furthermore, emissions from cement production have a great impact on the environment, among which CO 2 accounts for 99.2% of all emissions. Thus, China's cement industry is facing significant challenges and pressure in the era of sustainable development and low-carbon economies. Therefore, improving the level of sustainable growth is an inherent requirement for the development of China's cement industry.
Thus far, few studies on energy systems in industry have focused on cement manufacturing; relevant studies have generally investigated energy consumption from national and departmental levels. For example, Schuer and Ellerbrock (1992) calculated the energy consumption values of Germany's cement industry. Saxena et al. (1995) measured the energy consumption of India's cement industry and effective methods for energy reservation. Phylipsen et al. (1997) compared research methods for energy efficiency, using the cement industry as an example. Worell et al. (2000 Worell et al. ( , 2003 conducted a thorough analysis of the US cement industry, listing a variety of appropriate technologies and methods to upgrade energy efficiency within the cement industry. Zeng (2006) estimated the energy saving capacity of different measures in China's cement industry. Qi (2010) summarized the difference between energy efficiency in China and abroad for both production lines and enterprises. Ali Hasanbeigi et al. (2010) investigated electricity consumption efficiency and fuel consumption efficiency in Thailand's cement industry using a CSC model, and conducted an economic analysis on energy conservation. Sogut (2012) described the variation trend of energy efficiency in Turkey's cement industry using clinker data. However, the afore-mentioned research and similar studies lack an in-depth analysis on spatial pattern and its discrepancies. Thereupon, this paper discusses the sustainability of the cement industry from a new perspective, not only quantifying natural resources but also translating externalities into cumulative exergetic costs. Furthermore, it provides an in-depth analysis into the provincial spatial discrepancy in China's cement manufacturing industry with a comprehensive extended exergy accounting (EEA)-based analytical paradigm, aiming to provide some reference for decision making in sustainable development and spatial distribution in China's cement industry.
Data and methods

Data sources
In the present study, input and output data such as the coal consumption of the enterprise, lower heating value (LHV), moisture content, temperature of the coal, electricity consumption, output of clinker, calculation of CO 2 emissions and its temperature, are based on a large-scale sampling survey on cement production lines in China's 23 provinces. The survey includes a total of 339 production lines (170 NSP production lines, 75 shaft kiln production lines, 94 special cement production lines and grinding stations) and 1,755 samples.
The economic data including population, labor, wage and GDP come from the Economic Statistical Yearbook of People's Republic of China (NBS, 2013) . The M2 (money supply that includes coins, notes, short-term time deposits) value is sourced from annual statistical data of the People's Bank of China (PBC, 2012) , whereas that of each province is assessed according to its weight of GDP. Data on annual temperatures comes from the Climate Data of China sharing on the website (CDC, 2012), and Human Development Index (HDI) values are based on Hu B (2009) .
Industry data for cement manufacturing mainly comes from the Cement Yearbook of People's Republic of China (CCA, 2006 (CCA, -2011 , including the total output of clinker, number of employees, and the average benefit and wage per capita in the cement manufacturing industry. Unfortunately, data by province were absent in the 2012-2013 Yearbook; thus, we included 2012 data of clinker output from ASKCI (ASKCI, 2014) and estimated the number of employees and the average benefit and wage based on 2005-2010 data.
In 2012, China's total clinker output was 1278.54 billion tons; the output for the sample provinces was 1169.5 billion tons, accounting for 91.5% of all output. Thus, data from the provinces essentially represents China's clinker output. Therefore, in this study we describe the spatial distribution using the sample data. Additionally, the total energy consumption of the cement industry of every province is deduced by the proportion of clinker output in the sample production lines to its absolute clinker output.
The EEA method
The concept of EEA was first coined in 1998 (Rocco et al., 2014) , with "extended" as a reminder that the resulting product cost includes not only materials and energy but also externalities, and it can be rewritten as follows:
where CE x C represents the cumulative exergy consumption of natural resources, and labor, capital, and environmental cost contributions are expressed by means of their primary exergy equivalents, E L , E K , and E O , respectively. As a resource quantifier, the EEA method translates externalities (capital, labor and environmental remediation) into cumulative exergetic costs and thus allows for their rigorous inclusion in a comprehensive resource cost assessment. Indeed, the extended exergy cost reflects both the thermodynamic "efficiency" of the machinery and the "hidden" resource cost to society. Likewise, because the equivalent exergy cost of the externalities depends on both the type of society and the time window of the analysis, the extended exergy cost reflects the "conversion efficiency" of the society within which the analysis is performed. Thus, the EEA method can provide both additional insight and more relevant information for every comparative analysis of energy conversion systems at a local level.
Calculation of cumulative exergy consumption of natural resources
In accordance with the calculation of a typical cement production line, the exergy of coal consumption is 2747.750 kJ, the exergy of electricity consumption is 261.775 kJ and other resources (limestone, clay, gypsum, fly ash, etc.) is no more than 2 kJ per kilogram of cement. Therefore, coal and electricity are solely selected to calculate the cumulative exergy consumption:
where E a1 represents the combustion exergy of coal, E a2 is the sensible heat exergy of coal, and E b represents the exergy transformed by electricity. In analytical forms (Zhu, 1988) :
where h L,f is the LHV of the fuel, C 1 is the evaporation latent heat of moisture in the reference temperature, w is the water content in the fuel, and m is the mass flow rate of coal. Furthermore, C 2 is the specific heat of coal, T is the temperature of coal, the subscript '0' denotes conditions of the reference environment, Q is energy converted by electricity input, N is the network inputted by electromotor, K is the heat equivalent transferred by work, and β is the transformation percentage of electricity.
Calculation of exergy consumption of externalities
Calculation of labor externality
Assuming that all the members of a community thrive on the production of labor (Sciubba et al., 2008) , the exergy embodied in labor is the fully utilized aspect (relative to the unemployed population). Thus, the formula employed in EEA to calculate labor in the cement manufacturing industry is:
where γ represents the proportion of labor in the cement manufacturing industry to the total labor within the entire society, α denotes the proportion of exergy embodied in labor to the net exergy input (E in ), f is a consumption amplifier factor, N h is the population numerosity, and surv e represents the minimum exergy amount required for the metabolic survival of an
individual (approximately 1.05×10 7 J/(person×day)) (Sciubba, 2011) . The HDI is adopted here to estimate the amplification factor, where HDI 0 is the HDI of a pre-industrial society (approximately 0.005) (Seckin et al., 2012) . The formulation is as follows:
Calculation of capital externality
Except for the first postulate that a portion of the gross global influx of exergy resources E in is used to sustain the workers who generate labor, there is another postulate that describes that the amount of exergy required to generate the net monetary circulation within a society is proportional to the amount of exergy embodied in labor (Sciubba, 2011) . The formulation is as follows:
where β indicates the capacity of a society to generate monetary circulation in addition to wage compensation as a "financial ratio" or "financial amplification factor" compared with gross cumulative wages. It can be computed as:
where M F represents the financial activities, S represents gross cumulative wages, and M2 represents the total quantity of circulating money and financial activities in the considered economic system. Similarly to α, β depends on the spatial context and on the considered time window, but also on the various socioeconomic parameters of the considered country.
Calculation of environmental externality
The calculation of environmental externalities using the EEA method consist in the calculation of the additional consumption of extended exergy that would enable the system to release effluent into the environment with zero exergy content, introducing an equilibrium with the environment using state-of-the-art processes. Thus, environmental costs can be calculated as:
where E 0 is the exergy equivalent of environmental costs, E RP is the extended exergy ab-sorbed by the effluent treatment system, and E buffer is the exergy expenditure of the environmental buffering capacity. However, the Second Law negates that any real system can emit effluent in perfect thermodynamic equilibrium with the surrounding environment. Thus, in the EEA method, the unavoidable residual exergy of the stream is charged to the buffering capacity of the environment (E buffer ). Because of the relatively few studies to date on carbon capture and storage costs, here we assume the surroundings can remove the exergy level of CO 2 emissions by natural processes, and no extended treatment process is required. Thus, the environmental cost is equal to the exergy of the natural buffering, and the environmental cost of CO 2 emission becomes: C is the specific heat of CO 2 , and T and T 0 represent the temperature of CO 2 and environment, respectively. Thus, the results of Shen et al. (2014) are adopted to estimate the emission factor of CO 2 .
Selection of influencing factors on exergy use in the cement manufacturing industry
Based on previous studies (Zook, 2002; Doloreux and Shearmur, 2012; Cohen and Paul, 2005; Ghemawat and Thomas, 2008) , nine indicators were selected to characterize the five influencing factors: scale, profit, investment, technology, and industry concentration. Among these factors, (a) scale reflects industry foundation and competition between enterprises, (b) profit affects the decision to expand market share and improve competitiveness, (c) investment is important in the construction of NSP production lines, (d) technology influences the development of cement manufacturing (especially regarding the energy efficiency of processes), and (e) industry concentration plays an important role in improving competitiveness (e.g., Japan and Mexico's cement industries, where high industry concentration helps to achieve resource integration). The following indicators are used to characterize the factors: the number of enterprises and the gross assets of an enterprise above a designated size (scale); the main operating revenue and the gross profit (profit); the fixed assets investment and the designed capacity of newly increased production line being invested (investment); number of technology patents in the cement manufacturing industry (technology); and the weight of clinker production capacity of the top 20 cement enterprises (N20) and the weight of clinker production capacity of the top 100 cement enterprises (N100) (industry concentration). These indicators were selected as potential driving forces influencing exergy use in the cement manufacturing industry in China.
Results and Analysis
Spatial pattern of exergy use in cement manufacturing industry at the provincial level
Extended exergy including energy, labor, capital, and environmental cost for China's 23 provinces in 2012 were calculated on the basis of relevant data and formulas (1)- (11). The results are shown in Table 1 . We can see that energy, labor, capital, and environmental cost have different spatial patterns (Figure 1) . Energy extrudes in the eastern cluster, especially the Anhui core, whereas the radiation effect of the Sichuan core is relatively weak in the western cluster. Referring to labor, Hebei, Shandong, Sichuan, and Henan have the highest consumption levels, while Zhejiang, Fujian, and Guangdong (coastal provinces in the southeast) consume less labor exergy. With respect to capital, consumption in the eastern region is significantly less than that in the central and western regions (the capital cost of Sichuan in the west is far higher than that of Anhui in the east). Additionally, Hunan and Guangxi have high capital exergy, which is more prominent than in the other regions. The environmental cost is high in the cores of both clusters and highlighted in Guangdong and Guangxi.
Except for the total amount, intensity (exergy consumption of unit clinker) is used to characterize the efficiency of exergy use in the cement manufacturing industry; a high level of exergy intensity means low efficiency in exergy use. The results are shown in Table 2 . Regarding energy efficiency, Beijing is ahead of the other provinces (Figure 2 ), whereas Tibet and Xinjiang fall behind because of a lag in technology, low degree of industry concentration, and numerous other factors. The exergy intensity value of hidden social cost shows that Hunan, Sichuan, and Hebei have more capital and labor costs than average because of nonessential pressure of excess production capacity. Labor and capital transforming efficiency are rather high in eastern and southern China where preserve exceeding industry concentration. Capital costs in Guangxi, Inner Mongolia, Jiangxi, and Hubei are higher because of the initial integration of the cement industry within the southeastern and central regions. In respect to environmental cost, the discrepancy is generally small among the various provinces, but is greater in ecological fragile areas such as Tibet, Inner Mongolia, Xinjiang, and Shanxi. Thus, greater attention should be paid to these areas in the future. 
Spatial agglomeration at the regional level
Gini coefficients are used to calculate spatial agglomeration at the regional level (Lv and Chen, 2009) , where G, G1, G2, G3, and G4 represent the Gini coefficient of extended exergy, energy consumption exergy, labor exergy, capital exergy and environmental cost exergy, respectively, and G0 represents the average value. The result of the Gini coefficient shows that none of the three regions has a high degree of concentration (Table 3 ). The average Gini coefficient for eastern regions is only 0.337, and the lowest in the central region is just 0.234. Based on a comparative analysis, the agglomeration of capital exergy in eastern and western regions is displayed, with a Gini coefficient of more than 0.6 and 0.5, respectively, and just 0.388 in the central region. Additionally, the exergy of energy, labor, and environmental cost are not significant in the agglomeration. The hidden social cost of the cement manufacturing industry presents stronger agglomeration characteristics than energy. Regarding exergy efficiency, g, g1, g2, g3, g4 and g0 represent the Gini coefficient for extended exergy intensity, energy consumption exergy intensity, labor exergy intensity, capital exergy intensity, environmental cost exergy intensity, and the average value, respectively. The results show that only the Gini coefficient for capital exergy intensity is high enough (Table 4) to display the agglomeration characteristic: 0.586, 0.437 and 0.314 in eastern, central and western regions, respectively. The other Gini coefficients do not reach significance. Therefore, only the capital aspect in hidden social costs presents an obvious agglomeration in China's eastern region from the perspective of energy intensity. 
Classification based on exergy consumption and exergy intensity
Using an Euclidean distance model (Rokaya et al., 2008) , we computed the distance matrix of the 23 provinces with the variables using SPSS software, including extended exergy consumption and its intensity, energy consumption exergy and its intensity, labor exergy and its intensity, capital exergy and its intensity, environmental cost exergy and its intensity. The results are shown in Table 5 . The classification result shown by the normalized distance matrix (Mei and Fan, 2006 ) provides a further analysis of the spatial discrepancy. In general, the first dimension is considered the alteration of total consumption including energy and hidden social cost, showing a decreasing trend from left to right. In respect to the second dimension, energy efficiency is expressed showing a decreasing trend from top to bottom (Figure 3 ). To better understand the distance visualization chart and the results of energy consumption and energy intensity, the 23 provinces were divided into 8 categories (Table 6 ). The first category represents double-high areas including Sichuan, Hunan, and Hebei, with both high energy consumption and energy intensity, not only for energy but also externalities. The second category includes Shandong and Anhui, which are key provinces in cement manufacturing. They have high levels of energy consumption, but are low in energy intensity (i.e., high production with high energy efficiency). The third category includes Jiangxi and Guangxi, which have slightly higher energy consumption and energy intensity than average, especially regarding labor and capital costs. The fourth category includes medium-level areas including Henan, Hubei, Jiangsu, Yunnan, Guizhou, Chongqing, Shaanxi, and Liaoning, with energy consumption and energy intensity levels similar to average levels in cement manufacturing. The fifth category includes Guangdong, Zhejiang, and Fujian, which are all located in southeastern coastal areas; their energy consumption and energy intensity there are lower than average and have lower externality costs. The sixth category includes Inner Mongolia, Shanxi, and Xinjiang, with low energy consumption but high energy intensity, indicating lower production levels and lower energy efficiency. Only Tibet is placed in the seventh category, an undeveloped area with very low energy efficiency in cement manufacturing despite its relatively small energy consumption. The eighth category represents Beijing, presenting a double-low area: low energy consumption and low energy intensity, which is the forerunner in China's cement manufacturing industry regarding energy efficiency. 
Driving forces of exergy use in the cement manufacturing industry
The results show a significant correlation between total energy consumption and investments in the design capacity of newly increased production lines, the gross assets of enterprises above a designated size, the number of enterprises the above designated size, the main operating revenue and gross profit (with significance level of less than 0.01), and fixed assets investment (with a significance level of less than 0.05). However, total energy consumption has a weaker correlation with the number of technology patents in the cement manufacturing industry, N20 and N100, indicating that scale, profit, and investment are the main factors influencing total energy consumption in the cement manufacturing industry (Table 7) . However, the total energy intensity presents the highest correlation with N100, passing the significance test, while the correlation of N20 is slightly lower than that of N100 but still much higher than that of the other explanatory variables. Thus, the industry concentration factor can explain the spatial distribution of energy intensity of China's cement manufacturing industry. The significant negative correlation of energy intensity to industry concentration means that a higher degree of industry concentration can lead to a lower energy intensity and higher energy efficiency in the cement manufacturing industry. While, the correlation between energy intensity and technology, scale, profit and investment decrease. 
Discussion
In general, our results indicate that the main factor influencing the efficiency of exergy use in China's cement manufacturing industry is industry concentration. Therefore, to promote efficiency and reduce total exergy consumption in this particular industry, Zhejiang and Beijing should be presented as examples, as they both have a very high degree of industry concentration. In contrast, Sichuan, Hunan, and Hebei have the potential for energy conservation, which could be realized with improvements in industry concentration. Guizhou, Yunnan, Chongqing, Tibet, Xinjiang, Shanxi, and Inner Mongolia in the west are still at the stage of decentralized management and the integration of the cement industry is not fully developed. Furthermore, technology is relatively underdeveloped in these areas, and if industry concentration and technical level can be improved then the cement manufacturing industry will experience significant improvements and optimization. In contrast, although the indicators of scale, profit, investment, and technology have just a small effect on the efficiency of exergy use in the cement manufacturing industry, they all enjoy a positive interaction with industry concentration. Furthermore, the role of influencing factors is not the same in all provinces. For example, the advantage of technology and scientific research significantly affects the efficiency of exergy use in Beijing, with spatial spillovers. The elimination of limited production capacity in Guangdong plays a positive role in improving the efficiency of exergy use. Anhui benefits from economies of scale relying on the Hailuo Group, which is the largest supplier of clinker in Asia. Regarding Guangxi, although located in the west, it enjoys significant overseas investment because of the Pearl River Delta (water transportation). Thus, it has a higher level of efficiency of exergy use compared with other western provinces. Additionally, economic development, industry orientation, financial situation, and other factors (Marcon and Puech, 2003; Puga, 2010) can affect competition between different cement enterprises, and the spatial patterns of exergy use in cement manufacturing industry are eventually shaped by these factors.
Conclusions
In this paper, the EEA method was introduced to calculate exergy use in the cement manufacturing industry in China's 23 provinces, including not only energy but also externalities. A spatial pattern was demonstrated at both provincial and regional levels, and the 23 provinces were then divided into 8 categories. We identified the factor with the greatest influence on the efficiency of exergy use. The main conclusions are as follows:
(1) Invisible social costs including labor, capital, and environmental cost consumed approximately 10% of the total exergy use in China's cement manufacturing industry, whereas the energy element accounted for about 90%. Although the eastern region had almost the same exergy consumption as the west, the efficiency of exergy use was 10% higher than that in the western region.
(2) The provinces with high exergy consumption in the cement manufacturing industry were mainly distributed in the eastern region with Anhui and Shandong at the core, and in the western region Sichuan had the highest rate. Furthermore, the distribution of efficiency decreased from east to west.
(3) With respect to the different elements, the exergy consumption of labor and capital was highlighted in Hebei, Shandong, Sichuan, Hunan, and Guangxi provinces, whereas the environmental cost was high in overcapacity provinces. Additionally, the efficiency of exergy use of energy, labor, and capital decreased from east to west, and capital was significantly agglomerated in the eastern region because of a more perfect cooperation mechanism.
(4) With respect to factors influencing exergy use in the cement manufacturing industry, the industry concentration factor currently plays a key role in efficiency in China, whereas the impacts of scale, profit, investment, and technology factors were comparatively weak on efficiency.
(5) Under the pressure of overcapacity and environmental protection, China's government should act to improve industry concentration in Sichuan, Hunan, and Hebei to unleash the clear potential for energy conservation in the cement industry. Additionally, greater attention must be paid to the environmental cost in overcapacity provinces including Zhejiang, Guangdong, Henan, Anhui and Shandong, also in ecological fragile provinces including Tibet, Inner Mongolia, Xinjiang, and Shanxi.
